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Abstract 

The primary objective of this work was to identify 
methods to reduce the mean dynamic breakdown voltage 
(MDBV) of the ammonia propellant in the ESEX 26 kW 
arcjet. The approach to this objective was to establish a test 
matrix to investigate the influence of mass flow rate, 
electrode gap distance, cathode tip shape, and voltage ramp 
rate on the MDBV. Only the mass flow rale and voltage 
ramp rale were observed to significantly affect the MDBV; 
the MDBV was observed to rise as either of ihese parameters 
were increased. These test results provided the basis for the 
start circuit redesign for the ESEX flight experiment, and also 
represent an initial data base of breakdown characteristics in 
high power ammonia arcjeis. The second objective of this 
work was to identify the mechanisms associated with 
propellant breakdown in an arcjet. Progress towards this 
objective includes the following. A framework for 
investigating breakdown mechanisms in an arcjet was 
established which provides explanations for the strong 
dependence of the MDBV on the voltage ramp rale, the mass 
flow rate, and other parameters. A combination of a model, 
the calculation of electric field contours inside of the arcjet, 
and SEM photographs of a cathode tip indicate that the 
projection model for enhance field emission cannot alone 
account for the mean dynamic breakdown voltages observed 
in ihe high power arcjet. This result suggests that dielectric 
surface layers on the cathode tip are responsible for the 
enhanced field emission required to explain the observed 
MDBVs. 

I. InU"oduction 

A reliable ignition method is essential for ihe space 
qualification of an arcjet propulsion system. Arcjeis are most 
commonly ignited by applying a high voltage pulse across 
the electrodes to breakdown the propellant. Following 
breakdown, the arcjet rapidly (on the order of lOO's of 
microseconds) transitions into a steady state high power arc. 
This study will focus on the initial phase of arcjet ignition: 
propellant breakdown. In particular, this study is concerned 
with the breakdown characteristics of a 30 kW class arcjet 
operating on ammonia. 

The motivation for this work originated from the 
difficulty in designing a reliable arcjet start circuit for the 
USAF Electric Propulsion Space Experiment (ESEX). 

^ 

* Research Engineer, Member AIAA 
t Engineer, SPARTA, Inc., Member AIAA 
* Capt. USAF, Member AIAA 
5 Former Group Leader, Member AIAA 

ESEX is a night experiment of a 26 kW arcjet propulsion 
system, with the objective of resolving many of the 
spacecraft integration issues associated with the arcjet 
system[l]. Supported by some experimental data, the 
original start circuit design was based on the assumption that 
a 1 to 2 kV pulse would readily breakdown the ammonia 
propellani[2]. Experiments at the Rocket Research Company 
showed that this assumption was not correct, and that a better 
characterization of the breakdown voltage in the 30 kW class 
ammonia arcjet was needed. The main objective of this work 
was to furnish the data required to redesign the ESEX start 
circuit by identifying methods to reduce the breakdown 
voltage. The approach to this objective was to investigate 
the influence of cathode tip shape, electrode gap setting, mass 
flow rate, and voltage ramp rale on the breakdown voltage in 
an 30 kW ammonia arcjet. This work will also serve as an 
initial data base for the breakdown characteristics in high 
power ammonia arcjeis, because past arcjet breakdown 
research has been limited to 1 kW class arcjets[3,4]. Such a 
data base will serve to facilitate the design of start circuits of 
future ammonia arcjeis to be operated in space at the 10-30 
kW power level, such as the arcjet(s) to be operated on the 
flight experiment ELITE[1]. 

Previous investigations of propellant breakdown in an 
arcjet were empirical in nature[3,4]; no attempt to identify the 
breakdown mechanisms has been made. Understanding these 
mechanisms has become increasingly important as start 
circuits are being developed for arcjeis of various dimensions 
and propellants. Many non-intuitive problems have 
hampered the start circuit designer, such as the sensitivity of 
the breakdown voltage to the voltage ramp rate and to cathode 
surface layers. The difficulty in designing a robust start 
circuit is further illusu-ated by a recent cyclic endurance test of 
a 30 kW class ammonia arcjet operating at 10 kW[5]. In this 
707 cycle lest, the arcjet typically started on the first voltage 
pulse at a breakdown voltage of about 3 kV. However, on 
one occasion. 56 pulses with peak voltages as high as 4.6 kV 
were required before propellant breakdown occurred. On 
another occasion, 25 attempts were required lb breakdown ihe 
propellant. Difficulties in propellant breakdown have also 
been documented elsewhere[6-8]. 

An arcjet ignition research program has been 
established at the Phillips Laboratory with the primary 
objective of identifying the breakdown mechanisms in all 
arcjeis. The approach to this objective is to develop a model 
to predict the breakdown voltage, in an attempt to explain the 
above observations and other non-intuitive phenomenon seen. 
The modelling work, which will be discussed in detail in a 
future paper[9], is currently in progress, but some 
preliminary aspects will be discussed in this paper. In this 
study, a portion of the model, SEM photographs of the 
cathode tips, and the calculation of electric field contours 
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inside of the arcjet will be used lo investigate the electron 
emission processes from the cathode. 

This research is expected to benefit the design of 
arcjets and arcjet start circuits to improve the reliability of 
arcjet ignition in space. Possible benefits include: the 
identification of arcjet design changes to improve breakdown 
characteristics without affecting performance, the 
identification of facility effects associated with obtaining 
breakdown characteristics in vacuum chambers, the 
identification of environmental effects associated with the 
ground handling of a space-bound arcjet, and the 
minimization of adverse interactions between the starting 
circuit and the power processing unit. In addition, there are 
many arcjet ignition/spacecraft interaction issues which are 
affected by arcjet starling: EMI associated with ignition, 
propellant loss during the starting process, and spacecraft 
torques due to the mistiming of igniting arcjet pairs. 

The paper is organized as follows. In section II, the 
experimental apparatus, lest mau-ix, and procedures are 
discussed. The experimental resulLs are presented in section 
III. A preliminary investigation of breakdown mechanisms 
in an arcjet is presented in section IV. In section V, a model 
developed in section IV is used to investigate the electron 
emission process from the cathode in the high power 
ammonia arcjet. Conclusions are discussed in section VI. 

II. Experimental Apparatus/Test Matrix 

Experimental Apparatus 
The arcjet used in this study, shown in figure 1, is a 

modified version of the D-IE 30 kW arcjet[10] and is 
described in detail elsewhere[l 1]. The consu-icter and nozzle 
dimensions were identical lo those in the ESEX fiight jircjet. 
The constricter had a diameter of 3.81 mm (0.15 inch) wiih a 
length to diameter ralio of one; the conical nozzle had a 40:1 
area ratio with a half angle of 19 degrees. The cathode was 
made of 2% ihoriated tungsten; ihe pure tungsten anode 
nozzle remained in its newly machined state throughout 
testing. The electrode gap distance was set by first sliding 
the cathode into the chamber until it contacted the anode. 
The electrode gap distance is defined as that distance the 
cathode is then withdrawn from i!ie anode. The unceriainty of 

the electrode gap distance was less than 7.62x10"^ cm (0.003 
in.). 

The anhydrous ammonia propellant (99.99% pure) 
was fed from a bottle placed on a scale, through a Micro 
Motion mass flow meter (model D6) to the arcjet. The mass 
now meter was calibrated before testing began, and shown to 
have an uncertainty of less than 2% at all of the mass flow 
rates used in this study. The calibration matched the factory 
calibration, and others performed previously wiih different 
propellanis. Between the mass flow meter and the arcjet, 
outside of the vacuum chamber, was a pressure gauge and a 
5000 torr full scale capacitance manometer (MKS 
Instruments, Inc.). The capacitance manometer measured the 
feed pressure with an uncertainty of approximately 0.5%. 
The mass flow rate was adjusted with two meter valves 
connected in parallel upstream of the mass flow meter. 

Tests were performed in the Electric Propulsion 
Laboratory at the Phillips Laboratory at Edwards AFB, CA in 
test chamber number 1. This stainless steel cylindrical 
chamber is 1.8 m in diameter, 2.4 m long, and is evacuated 
by two pumping u-ains capable of a total volumetric flow rate 
of 11000 liters/sec (23000 CFM). The vacuum pressure was 
measured with a Varian model 531 thermocouple gauge with 
a Varian model 801 thermocouple gauge conu-oller. With no 
How, this system is capable of maintaining vacuum pressures 
of less than 5 mtorr, and at a mass flow rale of 240 mg/sec of 
ammonia, the maximum for ihese tests, the vacuum pressure 
is less than 100 mtorr. During the breakdown 
characterization tests, due to various leaks and the use of only 
one pumping train at times, the maximum vacuum pressure 
reached 250 mtorr at240 mg^sec ammonia. 

The experimental set up for the breakdown 
characterization tests is shown in figure 2. The voltage pulse 
to the arcjet was supplied by a Pacific Electro Dynamics 
designed start circuit, which will be described later. The 
arcjet was placed such that the nozzle faced a 0.5 m diameter 
window located about one meter from the arcjet. This 
configuration provided optical access to the consu-icter region 
of the arcjet, allowing visual conformation of breakdown in 
the arcjet. The anode and cathode voltage with respect to 
ground were measured with Tektronix P6015 1000:1 voltage 
probes. These probes were calibrated and compensated before 

1.016 0.381 

05.080   0 3.810   00.953 

<-> 

2.413 0 3.541 

CATHODE GAP Dimensions in cm 

Figure 1: A schematic of the modified version of ihe D-1E 30 kW arcjet „ .    _ 
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IGNITION 
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SUPPLY (3k V. 100mA) 

TEKTRONIX P6015 
1000:1 VOLTAGE 
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TEKTRONIX AM503 
CURRENT AMPLinER 

WINDOW 

TEKTRONIX A6303 
CURRENT PROBE 

TEKTRONIX DSA601 
DIGITAL OSCILLOSCOPE 
W/11A34 PLUG-IN MODULE 

VACUUM CHAMBER #1 
Figure 2: A schematic of ihe experimental set up. 

testing began; the uncertainty in the voltage measurements 
was approximately 5%. Also note that the measurement of 
voltages at the start circuit box were experimentally observed 
to be identical to those at the arcjet. The current through the 
circuit was measured with a Tektronix A6303 current probe 
with a Tektronix AM503 current amplifier. All signals from 
the voltage and current probes were measured with a 
Tektronix DSA601 digital oscilloscope with a 11A34 plug-in 
module. TTie oscilloscope could only sample two of the three 
signals at one time, with a maximum sampling rate of 500 
MHz. Finally, a Glassman high voltage power supply 
(Model ER3R100, 3 kV. 100 mA) was configured such that 
it could be switched into the circuit for cathode conditioning 
purposes and for measuring the mean static breakdown 
voltage. The cathode conditioning process will be di-scussed 
in more detail later. 

The Pacific Elecu-o Dynamics designed start circuit is 
based[12] on those designed for 1 and 10 kW arcjets[3,4,8]. 
Typical open circuit pulses produced by the start circuit are 
shown in figure 3. The risetime, duration, and magnitude of 
the voltage pulse could be changed by placing various 
capacitors across the output of the start circuit. The rise of 
the voltage pulse was essentially linear, and breakdown 
always occurred while the voltage was rising. After^ 
breakdown, the start circuit is capable of powering an arc.at 
10 to 20 amps for about a tenth of a millisecond. This, 
capability allows the PPU time to transition to the steady 
stale arc associated with normal arcjet operation; although, in 
all of these tests, this transition did not occur because the 
main power supply was disconnected from the arcjet. Figure 
4 shows a sample measurement of the voltage and current to 
the arcjet during a breakdown event. Breakdown occurs at 
approximately 3 kV. afterwards the start circuit is ob.served to 

supply a 15 A current to the arcjet. Note that the 
measurement of initial fiuctuations in current is dominated by 
noise pick up, and does not represent actual current 
fluctuations. 

-IBV 
-3.9e/.t 2At'dlw Itt.MM* 

Figure 3: Open circuit voltage wave forms from the Pacific 
Electro Dynamics start circuit (vertical scale is 2 kV/div; 
horizontal scale is 2 usec/div) 

Tgst Mgtri^ 
In the first series of tests, both the mean static 

breakdown voltage (MSBV) and mean dynamic breakdown 
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voltage (MDBV) were measured as a function of mass flow 
rate, electrode gap distance, and cathode tip shape. In these 
tests, a voltage pulse slightly different than the fastest rising 
pulse shown in figure 3 was used (9 kV peak, 4 jisec 
duration, 25 kV/|isec rise rate). Three mass flow rates were 
used: 70,120.240 mg/sec; where 240 mg/sec represents the 
full flow condition for the arcjet to be flown on ESEX. 
Three electrode gap distances were used: 0.38 cm (0.15 in.), 
0.48 cm (0.19 in.), 0.61 cm (0.24 in.); where 0.61 cm 
represents that on the ESEX flight unit. The range of 
electrode gap distance is small, but was considered the 
maximum variation possible to avoid significantly altering 
arcjet performance. Five different cathode tips were used in 
this study. These were labeled the sharp tip, flat tip, round 
lip, bumed-in cathode #1 and #2. The dimensions of the first 
three are shown in figure 5. Burned-in cathode #1 and #2 had 
been fired for greater than 10 hours at 10-30 k\V, and were 
used to represent actual cathodes in the breakdown tests. 
Burned-in cathode #1 was used in a limited number of tests to 
compare data with Rocket Research Company results and to 
briefly investigate the effect of cathode surface contaminants. 
The rational behind the variation of cathode tip shape was to 
investigate the electric field concentrating effect on the 
breakdown voltage. Finally, a follow-up experiment to the 
above test matrix was performed to investigate the effect of 
voltage ramp rate on the MDBV for an arcjet operating at the 
mass flow rate and elecffode gap distance in the ESEX arcjet. 

Procedure 
Once configured in the desired geometry, and the arcjet 

leak tested, the cathode was conditioned at the lowest flow 
rate (70 mg/sec) with the high voltage power supply.. This 
process was performed in an effort to negate the effect of 

-792nt 488ns^dlw s.seBM* 

Rgure 4: A typical voltage (above, vertical scale is 1 kV/div) and 
cuirent (below, vertical scale is 10 A/div) mca.'suremcnl associated 
with a breakdown event (horizontal .scale is 400 nsec/div). 

cathode surface layers, due to handling, on the MDBV. This 
was accomplished by operating the power supply for 10 
minutes in a mode where it- would produce propellant 
breakdowns at a rate on the order of 100 Hz, Note that this 
mode is different than operating the power supply with a 
series resistor to produce a stable glow discharge. The 100 
Hz breakdown process was observed to produce reproducible 
breakdown voltages, except for one anomalous case. The 
conditioning process was performed anytime the vacuum 
chamber was opened and then closed, i.e. when the electrode 
gap distance was set or cathode replaced. 

Sharp Tip Cathode 

0.159 

60° 0.953   fk     L^=x     Flat Tip Cathode 

60° 0.953   X     KX Round Tip Cathode 

All dimensions in cm 

Figure 5: Machined cathode dimensions prior to testing (drawing 
not to scale). 

After the conditioning process, the cathode was 
allowed to cool down for about five minutes. Then the static 
breakdown voltage measurements were obtained. This was 
accomplished by slowly raising the voltage to the electrodes 
by hand, at a rate on the order of 50 V/sec, until brwikdown 
occurred. Typically this was repeated at least three times for 
repeatability and/or to characterize the variation in the static 
breakdown voltage. The static breakdown voltage was 
measured at the three mass flow rates. After these tests, the 
start circuit was switched into the circuit such that the 
dynamic breakdown voltage measurements could be obtained. 
A total of 20 measurements were taken at each operating 
location to characterize both the MDBV and the range of 
variation, A duration of at least 15 seconds was maintaned 
between each breakdown voltage measurement, to eliminate 
cathode heating effects[4]. 
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III. Experimental Results 

/Ammonia Arciet Rrenkdown Characteristics 
The breakdown characteristics of the various cathode 

tips are shown in figures 6-9. Ploiled is the MDBV versus 
the mass flow rate, ift, of ammonia at various electrode gap 
distances, d. All of these tests were conducted with the 
voltage pulse with the ramp rate of 25 kV/nsec. The standard 
deviation of the sample of breakdown voltages is indicated by 
the error bars. Comparisons of the breakdown characteristics 
of the different cathode tip shapes indicate that the tip shape 
does influence the MDBV. but it does so in an apparently 
unpredictable way. This behavior will be discussed further in 
section V. The electrode gap distance was also observed to 
not significantly affect the MDBV. The comparison of these 
results with breakdown characteristics taken in 1 kW 
arcjets[3,4] suggest that this is due to the small variation in 
electrode gap setting. As with the 1 kW arcjel breakdown 
characteristics, the mass How rale did have a significant effect 
on the MDBV for all cathode lip shapes. 
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Figure 6: The breakdown voliage characicrisiics of the round lip 
calhode. 

The Effect of Voluiae Ramp Rale 
Voltage ramp rale effects were first examined by 

investigating the limiting case where the voltage ramp rate is 
practically zero (i.e., the mean static breakdown voltage). 
Shown in figure 10 is the MSBV versus the product of the 
electrode gap distance and the mass flow rate, which is 
expected to be proportional to the feed pressure (pfccd [Pa] = 
280.5 rii[mg/sec]) and the pressure inside of the arcjet. It is 
first noted that the MSBVs are significantly lower than the 
MDBVs for all cathode tip shapes. Furthermore, MSRV 
characteristics of all of the calhode tip shapes essentially 
obeyed Paschen's Law (i.e. Vbo=Vbo(pd) only), although the 
variation of the MSBV with calhode tip shape is very 
peculiar. Bumed-in cathode #2 and the flat tip calhode appear 
to follow the same curve, while the sharp tip cathode and 
bumed-in calhode #1 follow a different curve. The round tip 
cathode appears to transition between ihc respective curves. 
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4- 

2- 

0-1 
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[] 
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Flat Tip Calhode 
D d=0.61 cm 
A d=0.48 cm 
O   d=0.38cm 

T T T 
50       100      150      200 

Mass Flow Rate (mg/sec) 

250 

Figure 7: The breakdown voltage characteristic of ihe flat lip 
calhode. ■   ■ 

This phenomenon is unexplained as of now. but is perhaps 
linked to the complicated flow injection scheme in this arcjet, 
where ihe flow is possibly supersonic inside of the arcjet. 
Assuming that the flow is choked at the four injection holes, 
these curves also compare favorably (within a factor of 2) 
with static breakdown voltage data for ammonia obtained 
between two flat plates[ 13]. 

From past experiments with 1 kW arcjets[3,4]. 
preliminary tests at the Phillips Laboratory with a NASA 
LcRC 10 kW PPU start circuit (Voltage ramp rate ~1 
kV/msec)I14], and the static breakdown voltages shown in 
figure 10, indicated that the best approach to significantly 
reduce the MDBV was to significantly reduce the voltage 
ramp rate. Reducing the ramp rate did indeed lower the 
MDBV as shown in figure 11. These tests were performed 
with the burned-in calhode #1 at the ESEX configuration 
(240 mg.sec, d=0.61 cm).  The effect of ramp rate on the 
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Figure 8: The breakdown voltage characteristic of the sharp tip 
calhode. 
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Figure 9: Breakdown voltage charctcristics of burncd-in cathode 
#2. 

MDBV in this arcjei is also coiroboraled by the comparison 
of figures 6-9 to data obtained in the cyclic endurance test 
discussed previously (Vb = 3 kV, V = 3kV/|isec, rfi=170 
mg/sec)[15]. The results of these tests were incorporated in 
the new ESEX start circuit design. 

Anomalies/The Effect of Contaminants 
In this section, the effect of cathode surface 

contaminants will be briefly discussed, along with the 
reporting of two observed anomalies which are most likely 
related to surface layers on the cathode. Two breakdown 
characteristics are shown in figure 12, corresponding to before 
and after the cathode was conditioned. This figure indicates 
that the cathode surface slate is very imporuint to the 
mechanisms that affect the MDBV.  In most cases cathode 
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Figure 10: Static breakdown voltage characieri.<:lics of 
cathode tip shapes 
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conditioning was observed to raise the MDBV, but not 
always. After the conditioning process, MDBV 
measurements were observed to be repeatable except for one 
anomaly. This incident occurred after the conditioning of the 
Hat lip cathode. The initial measurement (at 120 mg/sec and 
d=0.38 cm) of the MDBV was 5.4 ± 0.6 kV. After obtaining 
the MDBV at 70 mg/sec, the 120 mg/sec measurement was 
repealed to be 3.7 ± 0.4 kV, which is the value in figure 7. 

Another anomaly was the discrepancy between the 
MDBV of bumed-in cathode #1, at 240 mg/sec and d = 0.61 
cm, measured at different times throughout this research. The 
first measurement is shown in figure 12 to be 6 ± 1.3 kV. 
The later measurement with the same cathode is shown in 
figure 11, indicating a MDBV of 7,9 ± 1.5 kV. This 
difference may be linked to a few hours of work to 
characterize the conditioning process just prior to the MDBV 
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Figure 11: Effect of voltage ramp rate on the MDBV of bumed-in 
cathode #1 

measurements of figure 11. It is obvious that more research 
is required to investigate the various conditioning processes 
for rcproducibility and the simulation of the actual cathode 
surface state in the space environment. 

IV. A Preliminary Investigation of Breakdown Mechanisms 
in an Arcjet 

In the first part of this section, a framework for 
investigating propellant breakdown mechanisms in an arcjet 
is discussed, followed by more detailed treatments of each of 
its components. Nearly all arcjet start circuits to date use a 
voltage profile which increases essentially linearly until 
breakdown occurs. Qualitatively, it is expected that the 
MDBV, Vb, can be described by the equation shown below: 

Vb-Vbo + V(ts + if) (1) 

where Vbo is the mean static breakdown voltage, V is the 
voltage ramp rate in Volts/sec, and t, and tf are the mean 
statistical and formative time lags respectively. The mean 
statistical time lag, ij, is the time required for a free electron 



10 appear, preferably near the caihode, by processes such as 
electron field emission, photoelectric effect, and propellant 
ionizalion due to cosmic rays and/or nearby radioactive 
sources. The mean formative time lag is the average time, 
after an electron has been emitted from the caihode, for 
propellant breakdown to actually occur. The natural scatter in 
the data, shown in section III, is the result of the fact that all 
of the parameters discussed above are fundamenu\lly random 
phenomena. 

It is important to emphasize that equation 1 can only 
be used for order of magnitude estimates of the MDB V. Only 
if tj and tf were both indep)endent of the instantaneous 
voltage, could the "approximate sign" in equation 1 be 
replaced with an "equal sign."   Unfortunately, the mean 
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Figure 12: The effect of cathode conditioning on the MDBV of 
bumed-in cathode #1. 

Statistical and formative time lags are usually strong 
functions of the voltage; in which case, equation 1 is ill- 
defined. More detailed models are then required to accurately 
predict the MDBV. 

With equation 1 in mind, the mechanisms responsible 
for the production of the initial electron (tj) and for 
breakdown formation (if) are discussed. Although most of 
these discussions are applicable to all arcjeis, the focus in 
this paper will be on those processes applicable to the ground 
testing of the high power ammonia arcjet. The breakdown 
mechanisms in 1 kW arcjets will be discussed in a later 
paper[9]. 

The Determination of ihe Mechanism Responsible for Initial 
Electfon Production 

When an arcjet is ground tested, the dominant source 
of free electrons is electron field emission from the caihode. 
This is also the case for essentially all electrical breakdown 
sludies[16,17]. Furthermore, the assumption that either 
cosmic rays and/or radioactive sources are the dominant 
electron source is not consistent with the strong effect that 
cathode surface layers have on the MDBV. The electron 
production rate by photoelectric effect is also expected to be 

negligible at room tcmpcrature[16]. Further investigation is 
required to determine if electron field emission is dominant in 
the space environment 

As an alternative to calculating the mean statistical 
time lag, it is of more interest to calculate VQ, the average 
voltage at which an electron is emitted from the caihode 
surface. Such a parameter is used in a model for the 
MDBV[9], which is formulated such that the MDBV is a 
function of V,, and those parameters which affect breakdown 
formation. In equation 1, VQ can be considered equal to Vto 
+ V'tj. It is also assumed that only one electron is required 
to initiate the avalanche process leading to propellant 
breakdown. This is a good assumption when applied to the 
arcjet breakdown process, because in general Vb is 
significantly greater than Vbo- As Vb approaches Vbo. ihe 
probability that a single electron will initiate breakdown 
deviates significantly from unity[16]. 

To derive an expression for VQ, it is first helpful to 
introduce the characteristic time of the ramping profile, tf, 
defined zis: 

tr=- 
V - V bo 

V 
(2) 

Noie that t, is defined such that it is equal to zero when the 
voltage V is equal to Vbo. denoting that only when the 
voliage is greater than the MSBV will an emitted electron 
initiate breakdown. As will be shown later, the mean 
statistical time lag is an extremely strong function of the 
voltage (ts-V-^cxpCconst-A^)]). As the voltage is increasing, 
the characteristic ramp time is increasing (t^ ~ V) and the 
mean statistical time lag is decreasing such that when tr - tj 
it is expected that on the average an electron will be emitted 
from the cathode. By assuming that on the average an 
elecu-on is emitted when tr(Vo) = ts(Vo), VQ can be determined 
from the following equation: 

ls(Vo) = lr(Vo) = ^^^ (3) 

It will be shown later that any constant on the order of one 
multiplied to one side of the above equation, has a small 
effect on VQ. 

Such a relation for determining V© is analogous to the 
Bray criierion[18] used to predict the location of the freezing 
point in a nozzle. Bray suggested that because the 
characteristic fiow time is rapidly decreasing and the 
characteristic recombination time is rapidly increasing, the 
location where the flow transitions from equilibrium to 
frozen How is the position in the nozzle where tnow ~ 
trecomb- Such a model compared with more accurate 
calculations very favorably. 

It can be shown that the mean statistical lime lag is 
inversely related to the number of electrons emitted from the 
caihode per unit sccond[16]: 

1 

MjdA 
(4) 
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where e is the electron charge and J is current density of 
electrons emitted from the cathode surface. This current 
density, J, is assumed to be due to field emitted electrons, 
described by the following equalion[19-21]: 

4 

9 

TTK    1.54x10-^ 
~ sin(7rK)   ^iHy) 

£2 expr 
-6.83xlOVgv(y) 

) 
[A/cm^i (5) 

where: 

y = 3.79x10-'* V ■ = 8.836x1031^ 
E 

and v(y) and l(y) are smooth functions tabulated in reference 
22, ranging from zero to one. Note that for the above 
expressions, the local elccu-on field E must be expressed in 
Volt/cm, the cathode work function, <?, in eV, and 
temperature T in K. Also note that as T-^0, equation 5 
reduces to the Fowler-Nordheim equation[19-21] for electron 
field emission from a perfectly smooth surface. The criterion 
for the applicability of equation 5 is[19]: 

7.6xlOV > E [Volt/cm] > 1.22xlO''<t)i/2T (6) 

The integration of equation 5 over the surface of the cathode 
is practically impossible due to the roughness of the arcjct 
cathode surface. Therefore, the local electric field is replaced 
with PPmV/d, where V is the voltage across the electrodes, d 
is the electrode gap distance, P is the field enhancement 
factor, and P^ 's the macroscopic field enhancement factor. 
The field enhancement factor, p, is a suindard parameter used 
in vacuum arc applicaiions[23,24] to account for the 
enhancement of the electric field at the surface of the cathode 
due to microscopic surface roughness. The macroscopic field 
enhancement factor, Pn,, accounts for the deviation of the 
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Figure 13: The effect of V'/Ae on V„ for various 
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electric field near the cathode tip from the mean field, V/d, 
due to the cathode and anode geometry. Consistent with the 
replacement of E with PPmV/d, the integral of JTF over the 
cathode surface is replaced with JAc, where A^ is called the 
effective emission area[23,24]. These assumptions are 
required due to the difficulty in modelling the topological 
features of an electrode and because many Umes electron field 
emission from a surface is dominated by a few high-p 
emission sites. Substituting into equation 4: 

t.    = 
JlpAe 

6.49xl05-^^ 
Ac(PPmV/d)^ 

sin(7tK)     /6.83xl07(i)3/2v(v)> 
UK 

■expf- 
PPmV/d 

(7) 

The factors p, Pm. and Ac are discussed in detail below. 
The expression for the mean statistical time lag, 

equation 7, can be substituted into equation 3 to determine 
the average voluige at which an electron is emitted from the 
cathode, VQ: 

Vo2(Vo-Vbo)= 1.04x10 
13 V sin(TCKQ) 

rtKo 

<l)t2(yo)       /•6.83xl0V/2v(yj> 

(PP,n/c])2 
iexpl- VoPPm/d (8) 

where KQ and yo are evaluated at VQ, and equation 8 is solved 
by iteration. Plotted in figure 13 is Vo as a function of 
V'/Ac for various values of pp^/d, (t>=3.5 eV. and Vbo=900V. 
This plot shows that Vo weakly dependent on V/Ae, and an 
extremely strong function of PPm/d (unless Vo is very near 
Vbo)- Changes of at least an order of magnitude in the 
effective emission area and/or the voltage ramp rate are 
required to affect VQ. This insensitivity also justifies the 
assumption that a proportionality constant on the order of 
one multiplied into equation 3 has negligible affect on Vo. 
Although not shown, Vbo also has a weak influence on Vo 
when Vo is substantial percentage above Vbo- The effect of 
work function is relatively strong, see figure 13, and does 
provide an over-simplified explanation for the effect of 
cathode surface layers on the MDBV. The cathode 
temperature does not .seriously affect electron emission for the 
parameters listed above. Only when PPmV/d approaches the 
lower limit of equation 6 does cathode temperature start to 
effect electron emission from the cathode. In figure 13, as 
V'/Ae is reduced, the curves stop (for PPn,/d=lxl03/cm and 
5xl03/cm) as the lower limit of applicability is encountered. 

Breakdown Formation Mechanisms 
Once an electron appears from the cathode, there are 

many different mechanisms by which breakdown may occur 
in the arcjet. In principle, the mechanism can vary from 
arcjel to arcjet, depending on its dimensions, the mass flow 
rate, propellanl type, etc. In fact, the investigation of 
breakdown mechanisms between two flat plates is also a 



topic of current electrical breakdown rcsearch[17]. In this 
section, only an initial discussion of the breakdown 
mechanisms is presented. This will be helpful in the 
analysis of the ammonia arcjet breakdown data; however, a 
more detailed analysis of propellant breakdown in this arcjet 
was not performed due to the lack of fundamental data for 
ammonia. 

Most breakdown mechanisms can be split into two 
categories: Townsend mechanisms and streamer mechanisms. 
The rate at which breakdown occurs for a Townsend process 
depends on the source of the secondary elecu-ons, required for 
the continued exponential growth of current, leading to 
breakdown. Different sources of secondary electrons may 
have drastically different formation times. For example, 
when ion bombardment is the dominant source of secondary 
electrons, the formative time lag is proportional lo[17]: 

where d is the electrode gap distance and U, is the ion drift 
velocity in the arcjet. Since Uj - E/n ~ V/dih: 

iid2 m If ~ ——        (Townsend Mechanisms) (9) 

where E and n are the electric field and neutral number density 
in ihe arcjet, V is the voltage across the arcjet electrodes, and 
rii is the mass flow rale. It will be shown in a later papcrl9], 
that this mechanism is most likely responsible for bre;ikdown 
in a 1 kW arcjet operating on a hydrazine type mixture of 
hydrogen and nitrogen[3]. In fact, this mechanism can 
explain the non-monolonic increase in the MDBV with mass 
flow rate observed in that study. 

Another source of secondary electrons is by 
photoelectric effect, as photons produced by the decay of 
excited neutral atoms impinge upon the cathode. Here, the 
formative time lag may be expressed as[17J: 

tf~ Ue 

where Ue is the electron drift velocity. Since Uc is al.so 
proportional to E/n, equation 9 is also applicable to this 
process, although tf is much smaller for this case because the 
electrons drift much more rapidly than ions. 

The final formation process considered is the streamer 
mechanism[l7,25]. This mechanism is generally observed in 
fairly dense gases; the most familiar form of streamer type 
breakdowns are lightning discharges. A common expression 
for the formative time lag for su-eamer processes is[ 17]: 

'f~aUe 

where a is the Townsend first ionization coefficient, which 
can be fitted to the following functional form ofI25]: 

a - n cxp 
( 

const 
(E/n) 

si.\     ^      /-const. \ 

Thus an expression of the formative time lag in arcjet 
parameters is: 

20 
' V       /-const. rti\ 

(Streamer Mechanism)       (10) 

Although qualitative, equations 9 and 10, along with equation 
1, are a much more convincing argument for why the MDBV 
depends on the mass flow rale than the Paschen's law 
argument used in previous work. The fact that the MDBV is 
su-ongly influenced by the mass How rate and by the voltage 
ramp rale indicate that the understanding of the breakdown 
formation process is crucial in the attempt to model the 
MDBV in an arcjet. 

Although elementary, these equations can be used to 
quantitatively estimate the MDBV for each of the 
mechanisms, to get an idea of which may be responsible for 
breakdown in the 30 kW class ammonia arcjet. 
Unfortunately, at this lime, expressions for Ui, Ue, and a as 
a function of E/n could not be found in the literature for the 
E/n range seen in this ihrusier. Equations 9 and 10 will be 
useful for selling bounds on VQ in the next section. 

V. Electron Field Emission from the Cathode 

In this section, an attempt is made to characterize the 
values of P,n, P, and A^ in the arcjet. Expressions for the 
above parameters will then be used, along with SEM 
photographs of the cathode lip, to determine if the field . 
enhancement due to ihe surface roughness at the cathode tip 
can explain the obser\'ed MDBVs. 

The Macroscopic Field Enhancement Factor 
The macroscopic field enhancement factor is 

essentially a non-dimensional form of the macroscopic 
electric field at ihe cathode tip; it will be u.sed to attempt to 
understand the differences in the breakdown characteristics of 
the various cathode lips. The macroscopic field enhancement 
factor, Pn,, is defined as the maximum macroscopic electric 
field at the cathode tip divided by V/d. Unlike the other 
parameters listed above, Pm can be calculated very accurately 
because it is a function of macroscopic arcjet dimensions 
only. Note that for a given arcjet and cathode geometry, Pm 
is a function of electrode gap distance only: Pm = Pm(d). 

For a particular arcjet and cathode geometry, this 
factor is calculated by solving Laplace's equation for the 
potential profile within the entire arcjet. These calculations 
were performed lising the electrostatic problem solver 
routines in ALGOR[26], a commercially available finite 
element analysis package. Once the potential profile inside 
of the arcjet was determined, the electric field at the cathode 
surface was determined by extrapolating internal electric field 
values to the surface. 

Finite element grids were defined so as to maximize 
the grid density in the regions of highest electric field. 
Solutions were checked for accuracy by two methods: 
increasing the grid density and by varying the physical extent 
of the region examined. The first method insured that the 
electric field was accurately represented with the grid density 



k 

used. The second method confimicd ihal the solulion near the 
cathode tip was not changed by, for instance, extending the 
grid farther down the nozzle. Grid refinement reduced the 
solution uncertainty of the extrapolated electric field to less 
than a few percent; further grid refinement, while desirable, 
would have required computer RAM beyond that available (4 
MB). Uncertainties due to the extent of the physical domain 
were small, less than 1%. 

The above methods were used to calculate p,n as a 
function of cathode lip radius and electrode gap distance. For 
all cases, that the maximum electric field was located at the 
very lip of the cathode, on the centeriine. Figure 14 shows a 
plot of pni versus the radius of curvature of the lip for the 
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Figure 14: Tlic effect of cathode lip radius on ihe macroscopic 
field enhancement factor. 

high power arcjet gcometfy with an elcctfode gap distance of 
0.38 cm. The cathode lip radius was chosen to range from 
1.52 mm (the round lip cathode) to 0.1 mm corresponding 
roughly to the sharp lip cathode. At these two limits, P,n 
was also calculated at the olher two electrode gap distances 
(0.48 cm and 0.61 cm). Note that at the microscopic level, 
ihc lip of the sharp lip cathode was actually somewhat fiat, 
due 10 fabrication limilalions, with a lip diameter of about 
0.2 mm. No attempt was made to calculate Pm for ihe Hal 
lip cathode due to the uncertainty in the radius of curvature ai 
the edge of the flat region. 

Figure 14 indicates thai field emission can be 
significantly enhanced by sharpening the cathode lip, 
resulting in a lower MDBV (unless Vbo/V » 1$). By 
comparing the round lip characteristic (figure 6) with the 
sharp lip characteristic (figure 8), assuming identical surface 
roughness, this effect is seen only at the largest electrode gap 
distance. It is difficult to explain any of the differences 
between the cathode lips by differences in iheir field emission 
characteristics. Apparently, the problem with such an 
interpretation in the high power arcjei is thai the breakdown 
formation process is also dependent on the macroscopic 
cathode lip shape. 

A belter idea of the relative magnitudes of the 
statistical and formative time lags can be obtained by 
examining breakdown characteristics al a fixed cathode tip 
shape. The .strong variation of the MDBV with mass flow 
rate (figures 6-9) and voltage ramp rale (figure 11) indicate 
thai the MDBV is closely coupled wiih the breakdown 
formation process. The variation in MDBV with mass How 
rate is much more than can be explained by ihe variation of 
Vfoo, and the drastic reduction in Vj, with just a one order of 
magnitude decrease in V cannot be explained by the varialion 
in Vo. In figure 12, the strong effect of the cathode surface 
state on the MDBV indicates that the characteristic lime 
required for an electron lo be emitted from ihe cathode is also 
a significant factor in determining the MDBV. From these 
results it is concluded thai the statistical time lag and the 
formative time lag are both significant in determining the 
MDBV in the high power ammonia arcjcL 

The Determination of g and A, 
The determination of P and Ac is an active topic in 

vacuum breakdown phenomenon research[24]. There are two 
distinct categories of enhanced electron field emission 
mechanisms. The first mechanism links enhanced field 
emission to microprotusions emanating from the cathode 
surface (the projection model), and the second to ihe presence 
of very thin dielectric layers on the cathode surface[24,27.28]. 
In this paper, the validity of the projection model is 
investigated, especially because il appears logical that this 
will be the dominant mechanism due to the rough surface of 
the cathode lip. 

The field enhancement factor is a function of the shape 
of the projection only, and has been calculated for various 
projection shapesl23,291. For a cylindrical protrusion of 
height h, with a hemispherical tip of radius r [29]: 

P = ^+2 •^    r (11) 

Equation 11 also represents the field enhancement by a sphere 
of radius r, connected to the surface by a infinitesimal wire of 
length h. This expression represents the maximum field 
enhancement of any projection with lip radius r and height h. 
The field enhancement factor has also been calculated for 
sharp cones and spheroidal projeclions[23,29] lo have a P ~ 
h/r for h/r » 1. As the aspect ratio of the projectile is 
reduced, for a given h and r. the field enhancement factor is 
significantly reduced. Olher factors also affect the P of a 
projection, such as the electrode gap distance and the density 
of the projections on the surface. When the height of a 
projection is on the order of the spacing between electrodes, 
the P of the projection is reduced from its d/h » 1 value[24]. 
In the high power arcjet, the effect of electrode gap distance 
on P is expected to be negligible because d/h » 1 for the 
projections seen on the cathode surfaces. Projections in close 
proximity of each other will also reduce the field 
enhancement factors of each of the projeciionst3031]- Siich 
an effect will impact the field enhancement when the spacing 
between projections is on the order of their size. 

The effecUve emission area for a single projection is 
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related to P by the following equation [32]: 

Ac ~ 2t p2 

This equation is good for order of magnitude estimates of the 
emission area and reflects the common situation where field 
emission is dominated by a single high-P source. Since it 
appears that the arcjet cathode surface will provide a large 
number of high-P emission sites, the above equation can be 
multiplied by some factor N related to the number of 
emission sites. It has been shown, experimentallyl32] and 
theoretically[33], that electron emission from multiple high-P 
sites still obeys the Fowler-Nordheim law (equation 5) with 
the appropriate value of Ag, and P taken to be a weighted 
average of the P's of all of the sites. In the arcjet, it is 
expected that field emitted electrons will initiate from many 
high-P sites. This is justified by the general observation of 
surface roughness on the cathode lip, and the ideniiiicalion of 
many projections with a scanning electron microscope. 
Furthermore, the assumption of only one dominate emitter 
on the cathode surface is not realistic considering that the 
MDBV is not significantly altered by the many 15 A, 100 
\isec arcs associated with a single MDBV measurement, or 
even by an actual firing of the arcjet[3]. 

The Evaluation of the -SKM Photouranhs 
In this section,,a survey of the round lip cathode 

surface with a scanning electron microscope, along with ihe 
breakdown data and equation 8, are used to determine if the 
projections on the surface can explain the observed MDBVs. 
Due to lime limitations, an extensive survey of only the 
round lip cathode was performed; it was chosen because it is 
the only cathode for which P,n is known very accurately. 

Shown in figure 15 is a plot of the effective emission 
area as a function of the field enhancement factor for the 
round tip cathode (d=0.38 cm, Vbo = 820 V, pp, =3.75. V = 
25 kV/M-sec, (!)=3.5 eV, T=298K). The above parameters 
correspond to figure 6, at a mass How rate of 70 mg/sec and a 
MDBV of 4.3 kV. The smallest electrode gap distance and 
mass flow rale were used because while studying an electron 
emission mechanism, it was desirable to minimize the 
influence of ihe formation process on ihe MDBV. The 
conclusion reached in this section will not change at larger lii 
or d. The upper limit of the effective emission area was 
assumed to be 1 cm^ which is on the order of the entire 
cathode lip area; the lower limit was assumed to be 10''^ 
cm^. Near the lower limit, Ag is becoming on the order of 
atomic dimensions where the emission current density is 
seriously reduced, such that equation 5 is no longer 
applicable[23]. In this figure, the upper limit of V^ is uiken 
to be the measured MDBV, corresponding to the case where 
Ihe breakdown formation process is practically instantaneous 
once the electron is emitted from the cathode, (Vho/V'» if). 
The lower limit of was taken lo be VQ = 1000 V 
corresponding to ihe case where Vbo/V'» 1$, such that V,, is 
not much greater than Vbo- Finally, in an effort to obtain 
the lower limit on p, the cathode work function was taken to 
be 3.5 eV corresponding to a clean surface of 2% thoriaied 
tungsien. Figure 15 shows thai although Ae is not known. 

at the very minimum a P ~ 200-300 is required lo maintain 
consistency between the projection model for enhance field 
emission and the MDBV measurements. From equation 11, 
field enhancement factors in this range correspond to 
projections with relatively high aspect ratio, and height to tip 
radius ratios on the order of 100. 

Wiih a scanning electron microscope, the lip of the 
round lip cathode was randomly searched for microscopic 
projecUons on its surface. The total coverage of the scan was 
estimated to be on the order of 1% of the total tip area. A 
1% coverage is expected to give a good representation of the 
projection shapes on the cathode surface, because of the large 
number of emission sites expected to be on the surface. The 
majority of the structure seen on the cathode surface were 
crater formations (see figures 16a and 16b). Crater 
formations consist of many solidified splashes of molten 
tungsien situated upon each other; the observed upper limit of 
P for the projections associated with these formations was 
less than 10. Aside from the crater formations, many 
projections with sizes on ihe order of a few micrometers were 
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observed (see figures 16c and 16d). For projections such as 
these, an upper limit of P (Pmax) can be estimated wiih 
equation 11 by letting r equal smallest radius of curvature at 
the lip of the projection, and h equal to the tallest height. 
Within the entire scan of the cathode tip, no projection was 
found with a P^ax greater than 25. This result indicates that 
the projection model for enhanced field emission cannot alone 
explain the MDBV data for the round tip cathode in the 
ammonia arcjet. 

One explanation for this discrepancy is that these high 
aspect ratio projections do indeed exist on the cathode surface, 
and through the handling of the cathode after the breakdown 
tests, were somehow eliminated from the cathode surface. 
Such an explanation may be correct, because although the 
cathodes were handled with care (a SEM analysis of the 
cathode tips was planned as part of these tests), human 
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contact with the cathode tips was allowed. This explanation 
also has serious shortcomings. Firstly, the lack of an 
explanation for how these projections formed on a newly 
machined cathode that had been conditioned for ten mmutcs 
only once. Secondly, past reports of SEM studies of the 
cathode tip make no menUon of any microscopic, high aspect 
ratio projections on the cathode surface in both 1 kW 
arcjels[3,34] and in 30 kW arcjets[35.36]. 

The more probable explanation for the discrepancy is 
that the mechanism for enhanced field emission is one that is 
dependent on dielectfic layers on the cathode surface[24,28], 
such as the field-induced hot-electron emission 
mechanism[27]. It is very common to have field 
enhancement factors in the high hundreds for these type of 
mechanisms[24.27,28]; and is most probable that these 
mechanisms work in conjunction with the field enhancement 
due to microprojections, to produce very high field 
enhancement factors that can explain the obser\'ed MDBVs. 
Such mechanisms also provide an excellent explanation for 
MDB V sensitivity on the state of the cathode surface. 

Another issue associated with these results is just how 
does the round tip cathode, which had never been fired in the 
arcjet, refiect actual arcjet cathode tips? Certainly^ large 
whiskers have been observed on the cathodes of 30 kW 
arcjets[35,36]. which have corresponding field enhancement 
factors on the order of 100. However, not all cathodes 
exhibit whisker growth; in fact, whiskers on 1 kW arcjet 
cathodes have not been observed at all[34]. A preliminary 
SEM analysis of the tips of the burncd-in cathode #2 and the 
sharp tip cathode also resulted in no sightings of very sharp 
projections, although the tip coverage of these scans was a 
few orders of magnitude less than that of the round tip 
cathode. Analysis of the unpublished SEM photographs 
associated with the study of reference 36. resulted in the 
sighting of projections with a p as high as 50. Considering 
the lack of evidence for the microscopic high aspect ratio 
projections on actual cathode surfaces, and the fact that P's in 
the high hundreds or even thousands are required to explain 
the MDBVs in high power arcjets. it also appears that some 
mechanism, other than microprojections. is responsible for 
emission of the initial electron required for the ignition of a 
high power arcjet in a vacuum chamber. 

If the enhanced emission process is due to dielectric 
surface layers on the cathode surface, another issue to be 
resolved later, is to identify the .source of the insulator atoms 
and/or particles. Possible options include: insulator material 
internal to the arcjet. the adsorption and/or chemical reaction 
between the propellant and cathode materials, the adsorption 
and/or chemical reaction between residual gases such as 
oxygen, nitrogen, and pump oil fragments with cathode 
materials, and dust particles. The last two options certainly 
have implications concerning the ground testing of arcjet 
ignition. More research is required to resolve this issue and 
those discussed above. 

VI. Conclusions 

The primary objective of this work was to identify 
methods to reduce the mean dynamic breakdown voltage 
(MDBV) of the ammonia propellant in the ESEX 26 kW 
arcjet The approach to this objective was to establish a test 

matrix to investigate the influence of mass flow rate, 
clecuode gap distance, cathode tip shape, and voltage ramp 
rate on the MDBV. Only ther mass fiow rate and voltage 
ramp rate were observed to significantly affect the MDBV; 
the MDBV was observed to rise as either of these parameters 
were increased. These test results provided the bases for the 
start circuit redesign for ihe ESEX flight experiment, and also 
represent an initial data base of breakdown characteristics in 
high power ammonia arcjets. 

The second objective of this work was to identify the 
mechanisms associated with propellant breakdown in an 
arcjet. Work on this objective is currently in progress, but 
preliminary results, as applied to propellant breakdown in the 
high power ammonia arcjet, include: 

1. A framework for investigating breakdown mechanisms in 
an arcjet was established. This framework provides 
explanations for the stfong dependence of the MDBV on the 
voltage ramp rate and the mass flow rale, among others. 

2. Electron field emission is the dominant source of the 
initial electrons required to initiate breakdown. The 
mechanism associated with the breakdown formation process 
could not be identified in the high power ammonia arcjet 

3. A combination of a model, the calculation of electric 
field contours inside of the arcjet, and SEM photographs of a 
cathode tip indicate that the projection model for enhance field 
emission cannot alone account for the mean dynamic 
breakdown voltages observed in the high power arcjet This 
indicates that dielectric surface layers on the cathode tip are 
most likely responsible for the enhanced field emission 
required to explain the observed MDBVs. 

4. More research is required to resolve the many issues 
associated with breakdown mechanisms in the arcjet. The PL 
research program is in the process of addressing these issues. 
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